D
uring the Late Palaeogene, Earth's climate transitioned from a warm largely unglaciated state with weak latitudinal temperature gradients to a world that was cold enough at high latitudes to sustain large ice sheets on Antarctica [1] [2] [3] [4] . The pivotal event in this long-term transition to the modern glaciated climate state occurred across the Eocene/Oligocene transition (EOT) 5, 6 between ~34 and 33 million years ago (Ma) . The EOT is marked by substantial climatic and oceanic reorganization, including atmospheric CO 2 drawdown 7, 8 , high-latitude cooling 9 , widespread Antarctic glaciation, deepening of the carbonate compensation depth 6 and northward migration of the Intertropical Convergence Zone 10 in the Pacific. It has also been suggested that the EOT marked the initiation of Atlantic Meridional Overturning Circulation (AMOC) [11] [12] [13] , whereas the Antarctic Circumpolar Current 14 and modern ocean structure 15 are suggested to have developed later around 30 Ma. Once established, the early Antarctic ice sheets appear to have been extremely dynamic in response to orbitally paced changes in highlatitude climate forcing 1, 4, 6 . The primary evidence for this increasingly well-established Late Palaeogene environmental interpretation is the long-term overall increase in deep-sea benthic foraminiferal oxygen isotope (δ 18 O) values since the middle Eocene [1] [2] [3] [4] . Yet, we know little about the way in which the surface oceans drove or responded to these changes. Data on contemporaneous change in surface ocean temperature for this interval are sparse 16 , and therefore trends are largely inferred from benthic δ 18 O changes, which are controlled by both the continental ice sheet budget and deep-sea temperature. Deconvolving the contribution of these two factors to changes in the δ 18 O records has proven challenging and sometimes problematic 6, 9, 17 . Long temperature records using independent methods are needed from strategically positioned sites to address this problem and test competing hypotheses for the underlying forcing mechanisms responsible for the inferred Cenozoic transition to a glaciated climate state. The cause of the EOT is a subject of ongoing vigorous debate and two main hypotheses are now advanced: (1) the seminal hypothesis of gateway-driven Antarctic isolation 18 and (2) a slow long-term decline in atmospheric CO 2 levels 19 . Ocean circulation change has been proposed as both a driving mechanism for Antarctic glaciation 20 and as a feedback process in response to glaciation 21 . However, these suggestions remain poorly tested because of the lack of datasets from the North Atlantic Ocean where there is a widespread upper Eocene-lower Oligocene unconformity at many deep-sea sites attributed to bottom current activity 22 . In fact, we lack detailed information for the Late Palaeogene-Early Neogene time interval from all the mid-and high-latitude regions of the Northern Hemisphere 9,23,24 . Here we report a 25-million-year-long record of surface ocean temperature spanning the middle Eocene to early Miocene (~43 to 18 Ma) 25 . Warm northward flowing surface waters meet the cold Labrador Current immediately to the north of the study site, resulting in a steep latitudinal surface ocean temperature gradient. Thus, although Site U1404 is not situated within the modern-day source region of North Atlantic Deep Water formation, it is situated just downstream and is sensitive to AMOC changes 26, 27 . Modern mean annual surface ocean temperature at Site U1404 is 20 °C (~19.5 °C at its Oligocene palaeo-location 28 ; Methods, Fig. 1 ). Age control for our Site U1404 study section is based on biostratigraphic and magnetostratigraphic datums identified in shipboard analysis 25 ( Supplementary Fig. 1 and Supplementary (Ma) , Earth transitioned from a warm non-glaciated climate state and developed large dynamic ice sheets on Antarctica. This transition is largely inferred from the deep-sea oxygen isotope record because records from independent temperature proxies are sparse. Here we present a 25-million-year-long alkenonebased record of surface temperature change from the North Atlantic Ocean. Our long temperature record documents peak warmth (~29 °C) during the middle Eocene, a slow overall decline to the Eocene/Oligocene transition (EOT, ~34 Ma) and highamplitude variability (between ~28 and 24 °C) during the Oligo-Miocene. The overall structure of the record is similar to that of the deep-sea record, but a distinct anomaly is also evident. We find no evidence of surface cooling in the North Atlantic directly coinciding with the EOT when Antarctica first became cold enough to sustain large ice sheets and subantarctic waters cooled substantially. Surface ocean cooling during the EOT was therefore strongly asymmetric between hemispheres. This transient thermal decoupling of the North Atlantic Ocean from the southern high latitudes suggests that Antarctic glaciation triggered changes in ocean circulation-driven heat transport and influenced the far-field climate response.
sequence spanning the middle Eocene to early Miocene. The alkenone unsaturation index (U K' 37 ), a reliable temperature proxy successfully applied to sediments of similar age in previous studies 9, [29] [30] [31] , is used to reconstruct surface ocean temperature changes at Site U1404 (Methods, Supplementary Table 2 ). Alkenone concentration is also reported to infer surface productivity changes (Methods).
Site u1404 alkenone trends
Because IODP Site U1404 was drilled into a sediment drift 25 located directly in the flow path of the modern-day DWBC and Gulf Stream ( Fig. 1) , we must consider the influence (Methods) of lateral advection of suspended materials and sediment reworking on the temperature records that we reconstruct, especially for samples with low alkenone concentration. However, three lines of evidence suggest that these potential influences have not obscured the primary in situ environmental signal. First, alkenone-derived temperatures from both surface waters and modern seafloor sediments in the region today do not show substantial deviations (within ± 1.1 °C) from measured surface ocean temperatures 32 . Second, our surface ocean temperature record is broadly consistent in structure with two lowresolution records 9 from sites farther north (Supplementary Fig. 2 ) and, together, these three mid-to-high-latitude North Atlantic temperature records display a distinct latitudinal temperature gradient, essentially ruling out a major confounding contribution to Site U1404 from reworked old alkenones. Third, the EOT signal in our record (minimal cooling, Fig. 3 ) is inconsistent with that predicted by syn-sedimentary delivery of alkenones from farther north by the DWBC carrying a cool temperature signal. We infer, therefore, that our record is representative of surface ocean temperature evolution in the mid-latitude North Atlantic Ocean during the Eocene to Miocene.
Alkenone concentrations at Site U1404 are typically lower than 10 ng g −1 in middle and late Eocene sediments, show marked fluctuations in sediments of earliest Oligocene age (~0-50 ng g
and oscillate at relatively high levels in Oligo-Miocene sediments younger than ~31 Ma (~10-250 ng g −1 ) (Fig. 2c) . In some samples older than ~31 Ma, alkenone abundance was extremely low (Fig. 2c) , yielding unreliable temperature estimates (Methods) that were excluded from our analysis (Fig. 2b) . Overall, the long-term alkenone concentration signal is opposite in sign to the U K ' 37 temperature signal. The marked long-term increase in alkenone abundance across the EOT at Site U1404 ( Fig. 2 and Supplementary  Fig. 3 ) does not appear to be directly associated with surface temperature changes and may reflect surface ocean productivity in response to circulation changes [11] [12] [13] [14] [15] 21 . For most of the study period, short-term warming events are associated with modest transient increases in alkenone concentration ( Fig. 2 and Supplementary  Fig. 4 ), which are perhaps explained by nutrient advection in the subtropical gyre 33 (Methods).
Long-term surface temperature evolution
During the Late Palaeogene, surface ocean temperatures at Site U1404 varied between ~24 and at least 28 °C, with maximum temperatures near the Middle Eocene Climatic Optimum (MECO; ~40 Ma) 30 and minimum temperatures in the Oligocene-earliest Miocene interval at ~32.5, ~26.5 and ~22.5 Ma (Fig. 2b) cooling of between 2 and 3 °C across the Oligocene/Miocene Transition (Fig. 2b) .
Throughout most of the Site U1404 study interval, surface ocean temperatures are warmer than 25 °C. This finding demonstrates that the 25 °C isotherm in the North Atlantic Ocean was positioned ~15° latitude (> 1,500 km) to the north of its modern position (Fig. 1) for most of the Late Palaeogene. This result is likely attributable, at least in part, to a more expanded warm subtropical gyre system in the Palaeogene relative to the present day. Data from additional sites are needed to validate this interpretation, but the combination of warm temperatures (Fig. 2b) and very low alkenone abundances (Fig. 2c ) seen in our records strongly suggests that Site U1404 was bathed by subtropical gyre waters during the middle to late Eocene.
Our data, together with existing records 9, 23, 24, [29] [30] [31] 34 , reveal the broad picture of surface ocean temperature evolution during the Late Palaeogene ( Supplementary Fig. 2) , showing exceptional warmth in the middle Eocene and a long-term cooling trend from the middle Eocene to early Oligocene. Our temperature record provides strong independent support for attributing the δ 18 O-inferred weak latitudinal temperature gradients in the surface ocean and warm deep ocean temperatures of the Eocene to an environmental control 35 , not diagenetic aliasing 36 . In published datasets, surface ocean temperatures in the northern high-latitude and subantarctic regions cooled substantially from above 25 °C around MECO to ~20 °C just before the EOT (~34 Ma), and decreased further to 10 to 20 °C in the early to mid-Oligocene in both hemispheres (Supplementary Fig. 2 ). Our data show that the amplitude of cooling off Newfoundland was modest in comparison ( Supplementary Fig. 2 ). Although not directly comparable, our alkenone-based temperature estimates also appear to be warmer than the modelled global air temperatures 37 and terrestrial temperatures from central North America 23 , which decreased from ~18 to ~16 °C and from ~21 to ~13 °C, respectively, from the late Eocene to early Oligocene.
Thermal asymmetry across the eOT
A close examination of temperature changes during the EOT interval (34-33 Ma) reveals a distinct northern-southern hemispheric asymmetry in the Atlantic. In the Southern Hemisphere, best expressed at subantarctic South Atlantic Site 511 (Fig. 3b and Supplementary Fig. 2 ), surface ocean temperatures cooled by ~4 to 10 °C, directly associated with the Earliest Oligocene Glacial Maximum (EOGM) at 33.6-33.2 Ma and cooling was sustained at least until ~32 Ma. However at Site U1404 in the North Atlantic, there is little contemporaneous change associated with the EOGM (Fig. 3b) , and Early Oligocene cooling occurs but not until at least 400 kyr after the main phase of Antarctic ice sheet growth (Fig. 3b) . Overall, surface ocean temperatures at Site U1404 show a cooling trend from the EOGM to ~32 Ma, opposite to the recovery seen in benthic δ
18
O and different from the trend at Site 511 ( Fig. 3 and Supplementary Fig. 3 ). The fluctuating temperatures in this interval in the northern high latitudes, based on very limited data from Sites 336 and 913, differ from those at subantarctic Site 511 where surface temperature remained low post-EOGM (Fig. 3) , but more complete records are needed to assess whether the northern high latitudes followed the cooling trend documented at Site U1404.
In the late Eocene, temperatures in the intervals 36.5-35.0 Ma and 34.5-34.0 Ma are undocumented at Site U1404 because of low alkenone abundance (Fig. 2) but, based on the fine-scale association between alkenone concentration and temperature in our records ( Supplementary Fig. 4) , are likely to have been relatively cool. Based on samples with trusted data, our record indicates a ~1-2 °C cooling through the late Eocene following the MECO and thus does not support the warming trend invoked 20 between ~37 and 34 Ma based on coccolith δ
O in the equatorial Atlantic. The thermal asymmetry between sites U1404 and 511 is minimal during the late Eocene compared with the earliest Oligocene (Fig. 3b) . Increasing evidence [11] [12] [13] suggests that the 37-34 Ma interval is critical to understanding the early development of AMOC. Our incomplete record during this interval prevents us from confidently linking surface temperature changes to the detailed early history of AMOC. Yet, short-lived warming pulses and increased alkenone concentration around ~34.5 Ma and ~34 Ma identified here appear to coincide with the proposed timing of AMOC initiation based on diverse lines of evidence [11] [12] [13] . Our new temperature record from Site U1404 points to thermal decoupling of the northwest North Atlantic Ocean from the subantarctic South Atlantic Ocean across the EOT (Fig. 3) . The general correspondence of the Site U1404 temperature trends to benthic δ 18 O before the EOT and after ~31 Ma ( Fig. 2) indicates that this thermal decoupling of the northwest Atlantic Ocean was transient, presumably reflecting surface temperature adjustments in the North Atlantic in response to ocean circulation and structure changes 14, 15, 21 and perhaps further development of AMOC as a primary control on climate [11] [12] [13] . The transient nature of this thermal decoupling is broadly consistent with terrestrial vegetation and temperature changes 38 . The distinct inter-hemispheric asymmetry in the surface ocean temperature change suggests that changes in ocean circulation and meridional heat transport were important across the EOT. In addition to the hypothesized impact of the subsidence of the Greenland-Scotland Ridge 12,13 , numerical simulations suggest that both Antarctic glaciation 21 and Southern Ocean gateway opening 11, 39 can bring about substantial ocean circulation changes, although the detailed results of these simulations are likely model dependent 11, 21, [39] [40] [41] . In terms of surface temperature response, Goldner et al. 21 simulated greater cooling in southern high latitudes than in the Northern Hemisphere in response to Antarctic glaciation, while Elsworth et al. 11 demonstrated a warming effect in the Northern Hemisphere and cooling in the Southern Hemisphere through Drake Passage deepening, both of which are mechanisms capable of inducing the hemispheric thermal asymmetry observed here. The transient nature and timing of the thermal asymmetry seems to favour a role for Antarctic glaciation, although the impact of slow long-term tectonic processes is difficult to assess here.
In summary, our record of Late Palaeogene surface ocean temperatures from the Newfoundland Margin largely mimics the structure of benthic δ
O change except during the EOT interval and reveals that the North Atlantic was very warm compared with today, even during the MOGI 1 . The Site U1404 alkenone temperature record substantiates an environmental explanation for the weak δ
O latitudinal gradients in planktonic foraminiferal calcite records and provides direct evidence for inter-hemispheric differences in surface ocean temperature evolution across the EOT. This finding suggests that Antarctic glaciation triggered changes in ocean circulation that had a far-field influence on oceanic 21 and atmospheric 10 reorganization across the EOT.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41561-018-0182-9.
Materials and chronology. Samples were collected from IODP Site U1404 (40.00° N, 51.60° W, water depth 4,742 m) during IODP Expedition 342 (ref. 25 , Fig. 1 ). The sedimentary sequence at this site mainly covers the interval from the middle Eocene to early Miocene at Site U1404 (ref. 42 ). We analysed ~360 sediment samples (~20 cm 3 , 10-30 g dry weight) from Site U1404 holes A and B. Sample spacing was adjusted according to changes in average sedimentation rate. Overall, the temporal resolution of our record is ~1 sample per 60-80 kyr.
Age control points are taken from shipboard planktonic foraminifers, radiolarians, calcareous nannofossils and palaeomagnetics, which yield average linear sedimentation rates varying from 0.27 cm kyr −1 during the late Eoceneearly Oligocene to 8.0 cm kyr −1 in the early Miocene 42 . The Bayesian programme Bacon 43 was used to fit the age-depth profile at Site U1404 to derive the final chronology ( Supplementary Fig. 1 ). As our sampling plan followed a slightly updated, but not formally published, core composite depth below seafloor (CCSF-m) that was circulated within the Expedition 342 sampling party, we use this updated version over the published CCSF-m scheme 42 . Based on the results generated here and the datums identified in both holes, the updated CCSF-m yields an improved 'splice' of holes A and B. In Supplementary Tables 1 and 2 , we provide published and updated CCSF-m for all the datums used and samples analysed here.
The Fig. 1 ). We estimate that in extreme cases this would result in chronological uncertainty of ~2.4 Myr ( Supplementary  Fig. 2 ). We used the δ 18 O stratigraphy as an independent check, without using it to construct the U1404 chronology. This independent δ 18 O stratigraphy confirms the presence of a condensed EOT interval (Fig. 3a) . All ages are updated to the Gradstein timescale 44 , including the composite benthic δ 18 O record 3 to aid comparison.
Alkenone analysis. Sediments were freeze dried, ground and extracted with a Dionex Accelerated Solvent Extractor (ASE300). We performed basic hydrolysis on the extracted lipids and then separated them into three compound classes using silica column chromatography. The alkenone fraction was analysed on an Agilent 7890 gas chromatograph with an Agilent J&W column (DB-1, 60 m × 0.25 mm i.d. × 0.1 µ m film thickness) and H 2 (1.5 ml min . n-C 36 alkane was used as external standard for alkenone quantifications. Analytical precision (1σ) for our laboratory standards is 0.005 units (equivalent to 0.1-0.2 °C) for the alkenone unsaturation index, U K' 37 (ref. 45 ), and 5% for alkenone content. Alkenone content at this site is generally low in sediments older than ~31 Ma and much higher in younger ones (Fig. 2c) . We rejected ~80 samples, ~22% of the total, due to low-content or unidentifiable alkenones. We used the criterion that the amount of C 37 alkenones injected into the gas chromatograph has to be > 10 ng to avoid the effect of preferential absorption of the C 37:3 alkenone on the gas chromatograph column 46 . We concentrated low-content samples into 10-20 µ l volume and injected 2 µ l into the gas chromatograph. With, on average, ~20 g sediment, we estimated a cut-off concentration at ~2.5 ng g −1 (2.5 ng g −1 × 20 g / 10 µ l × 2 µ l = 10 ng). For those samples falling just below < 2.5 ng g −1 , we further concentrated the solution into < 10 µ l and reanalysed them by gas chromatography. If the injected C 37 amount reached 10 ng, temperature estimates from these samples (total ~30) were reported with those contents > 2.5 ng g −1 (Fig. 2b) . For those rejected samples with extremely low alkenone abundance (< 2.5 ng g
